Background: D-Glucuronyl C5-epimerase is a crucial modifying enzyme in the heparan sulfate biosynthesis pathway. Results: We determined the Glce apo-structure and the structure of Glce complexed with a heparin hexasaccharide. Conclusion: Glce forms a dimer with the active sites located at both C-terminal ␣-helical domains. Significance: This work advances understanding of the key epimerization step in heparan sulfate biosynthesis.
Heparan sulfate proteoglycans are macromolecules widely expressed on the cell surface and in the extracellular matrix of all animal tissues. They consist of a core protein with covalently attached heparan sulfate (HS) 4 chains (1) . HS, a negatively charged polysaccharide, binds to a variety of proteins, including growth factors, chemokines, and interleukins (2) . As such, it can regulate a wide variety of biological activities, including embryonic development, cell growth, inflammatory response, blood coagulation, tumor metastasis, and virus infection (2, 3) . Heparin, a special form of highly sulfated HS derived from porcine intestine, has been widely used as an injectable anticoagulant since the 1930s.
A heparan sulfate chain is synthesized in vivo by several steps: tetrasaccharide linkage formation, chain elongation, N-deacetylation/N-sulfation, epimerization, and O-sulfation ( Fig. 1A ). D-Glucuronyl C5-epimerase (Glce) is a key enzyme in HS/heparin synthesis, converting D-glucuronic acid (GlcA) to L-iduronic acid (IdoA) by C5 epimerization at the polymer level (4) (Fig. 1B) . The epimerization reaction is reversible in vitro but irreversible in vivo (5) . The epimerization step increases the flexibility of the HS chain and is essential for the function of HS in ligand recognition and cell signaling (6) . Targeted disruption of the Glce gene (Hsepi) in mice resulted in neonatal death and defects of kidney, lung, and skeletal development (7) , which strongly indicates the crucial role of Glce in animal development. It has also been reported that Glce suppresses the proliferation of human breast cancer cells (8) and small-cell lung cancer cells (9) , which suggests that Glce may be a tumor suppressor. Quite recently, we showed that Glce depletion promoted PC12 cell neuritogenesis induced by nerve growth factor (10) . In addition, the modification of HS by Glce is critical for controlling the binding or activity of molecules that guide early lymphoid tissue morphogenesis and B lymphocyte maturation and differentiation (11, 12) . Today, diverse low molecular weight heparins show great potential as anticoagulants and in cancer, antiviral, and antiinflammatory therapies (13) . However, the separation and purification of heparin oligosaccharides from the animal tissues are difficult and inefficient. Thus, a promising approach is to synthesize specific heparin oligosaccharides using rational chemoenzymatic design (14, 15) . To unveil the catalytic mechanism and substrate recognition pattern of HS-modifying enzymes is of critical importance to achieve such a goal. Here, we report the first crystal structures of Glce, in apo-form (unliganded) and in complex with heparin hexasaccharide, which is the product of Glce following 2-O-sulfation on iduronic acid and 6-O-sulfation on N-sulfoglucosamine. Based on the structural and functional data, we identify the active site of Glce and propose the mechanism of product inhibition of Glce in vivo. This work advances our understanding of the HS synthesis reaction and will aid in the development of therapeutic heparin mimics as well as the inhibitors of Glce.
EXPERIMENTAL PROCEDURES
Cloning, Expression, and Purification of Glce-Zebrafish Glce (Arg 50 -Asn 585 ) was expressed as a His 6 -SUMO fusion protein from the pSUMO expression vector (LifeSensors, Inc.). The fusion protein contains a His 6 tag (MKKGHHHHHHG) at the N terminus and a ULP1 protease cleavage site between SUMO and Glce. BL21 (DE3) cells transfected with the expression plasmid were grown in LB broth at 25°C to an A 600 of about 1.0 and were induced with 0.1 mM isopropyl 1-thio-␤-D-galactopyranoside for 16 h. Cells were harvested, resuspended in 50 ml of buffer A (20 mM Tris, pH 8.0, 200 mM NaCl, and 10% glycerol) per 2 liters of cells, and lysed using an APV2000 cell homogenizer (SPX Corp.). The lysate was centrifuged, and the supernatant was loaded on a 30-ml nickel High Performance column (GE Healthcare). The column was washed with 250 ml of 90% buffer A plus 10% buffer B (20 mM Tris, pH 8.0, 200 mM NaCl, 500 mM imidazole, and 10% glycerol) and was eluted by 100 ml of 50% buffer A ϩ 50% buffer B. The eluted His 6 -SUMO-Glce protein was dialyzed against buffer A and cleaved overnight with ULP1 at a protease/protein ratio of 1:1000 at 4°C. The cleaved His 6 -SUMO tag was removed by a pass through a 5-ml nickel High Performance column, and the flow-through protein was further purified through a HiLoad 26/60 Superdex 200 gel filtration column in 20 mM Tris, pH 8.0, 200 mM ammonium acetate, 1 mM dithiothreitol, and 1 mM EDTA.
To prepare SeMet-substituted Glce protein, the pSUMO-Glce expression plasmid was transfected into B834 methionine auxotroph cells. A single colony was inoculated into 2 liters of LB medium plus 50 g/ml ampicillin and 1% glucose and shaken at 30°C overnight. The 2 liters of cells were spun down and resuspended in 600 ml of filtered H 2 O. Separately, the following solutions (defined below) were combined step by step and mixed well to make 2 liters of SeMet-substituted expression medium: 40 ml of solution E, 40 ml of solution D, 20 ml of solution C, 100 ml of solution B, 300 ml of solution A, and 1500 ml of autoclaved H 2 O. Then 100 ml of cells were transferred into each 2 liters of media. The cells were grown at 22-25°C to an A 600 of 1.0 -1.2. Protein expression was induced with 0.1 mM FIGURE 1. Glce-catalyzed epimerization is a key step in the heparan sulfate and heparin biosynthesis pathway. A, the heparan sulfate and heparin biosynthesis pathway in vivo. Biosynthesis of HS begins with the transfer of a xylose to specific serine residues within the protein core, followed by the formation of a Xyl-Gal-Gal-GlcA tetrasaccharide. After the addition of the first N-acetylglucosamine (GlcNAc) to the tetrasaccharide by the EXTL3 enzyme, the chain is elongated by the stepwise addition of GlcA and N-acetylglucosamine residues catalyzed by EXT1 and EXT2 enzymes. Next, the polysaccharide undergoes a series of modification reactions, including N-deacetylation/N-sulfation of N-acetylglucosamine residues, epimerization of GlcA units to IdoA, and finally O-sulfation at various positions. B, chemical reaction of C5 carboxyl group epimerization catalyzed by Glce. GlcNS, ␣-D-N-sulfoglucosamine. Carbon atoms for ␣-D-N-sulfoglucosamine, GlcA, and IdoA are labeled. isopropyl 1-thio-␤-D-galactopyranoside at 16°C overnight. The cells were harvested the next morning and resuspended in buffer A. The protein was purified using the same protocol as for the native protein.
Solution A contained 12 g of hydrolyzed herring sperm DNA (pH 7.0), 120 g of glucose, 250 mg of vitamin B 1 , 12 g of NH 4 Cl⅐6H 2 O, and 50 g/ml ampicillin dissolved in 1.8 liters of H 2 O and filtered. Solution B contained 0.5 g of each of 19 amino acids (no methionine) plus 0.5 g of selenomethionine, 0.6 g MgCl 2 , and 0.6 g CaCl 2 in 600 ml of H 2 O. Solution C contained 5 g of EDTA, 0.5 g of FeCl 3 , 0.1 g of ZnSO 4 , 0.05 g of CuCl 2 ⅐2H 2 O, 0.05 g of CoCl 2 , and 0.05 g of (NH4) 6 Heparin Oligosaccharide Purification-Enoxaparin sodium (Hebei Changshan Biochemical Pharmaceutical Co. Ltd.), a low molecular weight heparin, was separated on a Bio-Gel P10 (Bio-Rad) column (2.6 ϫ 90 cm). Samples were eluted with 0.2 M NaCl at a flow rate of 0.33 ml/min. We collected several components with different degrees of polymerization. Following lyophilization, the fractions were desalted using a Bio Gel P2 (Bio-Rad) column (2.6 ϫ 90 cm). The sized fractions were chromatographed using strong anion exchange HPLC fitted with a semipreparative strong anion exchange column (Waters Corp., Spherisorb strong anion exchange column, 10 ϫ 250 mm). A gradient elution (0 min, 40% B; 50 min, 65% B) was performed at a flow rate of 2 ml/min for 65 min using solvent A (H 2 O, pH 3.5) and solvent B (2 M NaCl, pH 3.5). The major subfractions were desalted on a Bio Gel P2 column and lyophilized.
Crystallization-Purified zebrafish Glce protein (Arg 50 -Asn 585 ) in the same buffer as was used to elute the HiLoad 26/60 Superdex 200 gel filtration column was concentrated to 15-20 mg/ml prior to crystallization trials. Rod-shaped crystals about 400 m in length were obtained using 1 l of the purified protein and 1 l of well solution. Native apo-Glce crystals were grown using a well solution of 16% (w/v) PEG 3350, 0.1 M sodium citrate tribasic dihydrate, pH 5.6, and 2% (v/v) Tacsimate, pH 5.0. SeMet-substituted Glce crystals were grown using a well solution of 16% (w/v) PEG 3350, 0.06 M citric acid, and 0.04 M Bistris propane, pH 4.1. To prepare crystals of the complex, Glce at a concentration of 5.0 mg/ml was incubated with heparin oligosaccharide at a molar ratio of 1:5 at 4°C overnight, and crystals were grown at 20°C in hanging drops by mixing 1 l of Glce-oligosaccharide complex and 1 l of well solution consisting of 16% (w/v) PEG 3350, 0.1 M sodium citrate tribasic dehydrate, pH 5.6, and 2% (v/v) Tacsimate, pH 5.0. Crystals of 150 -200 m in length appeared within 3 days.
Data Collection and Structure Determination-All crystals were transferred into well solution plus 22% (v/v) ethylene glycol as a cryoprotectant before flash-freezing in liquid nitrogen. Data collections for native and SeMet crystals were performed at the Life Sciences Collaborative Access Team beamlines of the Advanced Photon Source synchrotron. A native data set was collected to 1.9 Å at sector 21-ID-G. To solve the phase problem, one data set from a SeMet-substituted Glce crystal was collected at sector 21-ID-D at a wavelength of 0.9762 Å (peak wavelength) using an inverse beam strategy to accurately measure the selenium anomalous signal. The data were processed using XDS (16) and scaled using Scala of the Collaborative Computational Project 4 (CCP4) suite (17) .
The native and SeMet Glce crystals belong to the P4 1 2 1 2 space group with one molecule per asymmetric unit. Initial phases were established using the SHELX program (18) by the SAD phasing method ( Table 1) . A total of 12 selenium sites were identified by SHELXD with a CC all /CC weak score of 47.2/ 30.6, and subsequent phasing was performed using SHELXE with a Contrast score of 0.82 for the correct hand solution. CC all is the correlation coefficient between E calc and E obs for all data, whereas CC weak is the correlation coefficient for 30% of reflections that were not used during the dual-space refinement. An initial model including 464 residues was built automatically using the Phenix autobuild program with R/R free of 0.30/0.33. The initial model obtained from the SeMet data was used to refine against the native data set at 1.9 Å. The model was further improved by several cycles of manual building using Coot (19) and refinements with the refmac program of CCP4 (20) to an R factor of 0.21 and an R free factor of 0.23. The final model has excellent density for most residues except for the N-terminal flexible loop (Pro 50 -Val 71 ) and a small internal loop (Asp 212 -Ser 215 ).
The data set for the complex was collected at Shanghai Synchrotron Radiation Facility beamline BL17U. The data were indexed and integrated using XDS (16) and scaled using Scala of the CCP4 suite (17) . The crystal belongs to the P2 1 2 1 2 space group with two molecules per asymmetric unit. The structure was solved by molecular replacement using the CCP4 program Phaser with the native Glce structure as a search model. The electron density for the sugar chain became clear after the initial refinement, and a model of heparin hexasaccharide was built based on the electron density map. The complex structure was further improved by several cycles of manual building using Coot (19) and refinements using PHENIX (21) and the CCP4 program Refmac (20) . The final structure model was refined to an R factor of 0.20 and an R free factor of 0.22 (Table 1 ). All structure figures were prepared using PyMOL (Schroedinger, LLC, New York).
Mutant Construction and Enzymatic Activity Assay-Mutants of Glce were generated by site-directed mutagenesis in the pSUMO expression vector. The resulting vectors were transformed into the BL21 (DE3) cell line, and all mutant proteins were expressed and purified similarly as the wild type Glce. Glce mutant proteins (10 ng) were mixed with tritium-labeled N-deacetylated/sulfated K5 capsular polysaccharide in a total volume of 100 l. After incubation at 37°C for 1 h, the tritium release was analyzed using a biphasic liquid scintillation procedure as described previously (22, 23) .
Product Inhibition of Glce by Heparin-Heparin with an average molecular mass of 15 kDa was purchased from Shenzhen Hepalink Biological Technology Co., Ltd. N-Sulfated heparin, desulfated heparin, and heparin oligosaccharides were prepared in the laboratory of Prof. Jin-ping Li (University of Uppsala) as reported previously (5, 23). 10 and 100 g of heparin, 10 and 100 g of N-sulfated heparin, 100 g of desulfated heparin, or 100 g of heparin oligosaccharides were added into a 100-l enzymatic reaction system with 10 ng of purified wild type Glce to determine the product inhibition of Glce activity. Various amounts of heparin (0, 10 pg, 100 pg, 10 ng, 100 ng, 1 g, 10 g, 100 g, 1 mg, and 10 mg) and N-sulfated heparin (0, 10 ng, 100 ng, 1 g, 10 g, 100 g, and 1 mg) were added into a 100-l enzymatic reaction system with 10 ng of purified wild type Glce to obtain the inhibition curve. Enzymatic activity was determined as described above.
AlphaScreen in Vitro Binding Assay-Zebrafish Glce protein (Arg 50 -Asn 585 ) was cloned into the pSUMO expression vector in fusion with a biotinylation peptide (AviTag) at the N terminus. In addition, the biotin ligase (BirA) gene with a T7 promoter was cloned downstream of zebrafish Glce cDNA. Coexpression of Glce and BirA in BL21 (DE3) in the presence of 60 M biotin and 100 M isopropyl 1-thio-␤-D-galactopyranoside allowed in vivo biotinylation of zebrafish Glce (24) , which was purified similarly as wild type Glce protein. His 6 -tagged MBP was cloned into pET-22b vector using NdeI and NotI restriction sites, and the protein was purified using an MBP column. His 6 -tagged human N-deacetylase/N-sulfotransferase 1, 2-Osulfotransferase 1, and 6-O-sulfotransferase 1 were purchased from R&D Systems.
100 nM biotin-Glce was attached to streptavidin-coated donor beads, and 100 nM His 6 -tagged MBP and sulfotransferases were attached to nickel-chelated acceptor beads. The interactions were determined by a luminescence-based AlphaScreen assay (PerkinElmer Life Sciences) using a hexahistidine detection kit that our group has used extensively (24) . Each data point was an average of triplicate measurements with S.E. values indicated.
RESULTS
The Dimeric Structure of Glce-Protein sequence analysis using the PSIPRED Web server predicted that Glce would contain an ␣-helical transmembrane region and a highly flexible loop at the N terminus. We chose to express the soluble Glce fragment (i.e. excluding the N-terminal transmembrane ␣-helix region) from six species (Homo sapiens, Bos taurus, Rattus norvegicus, Gallus gallus, Danio rerio, and Drosophila melanogaster) in Escherichia coli BL21 cells. The Glce protein from D. rerio (zebrafish) formed high quality crystals, which diffracted x-rays to about 1.9 Å ( Table 1 ). The truncated zebrafish Glce (residues 50 -585) shares a high sequence identity (80%) with human Glce, which suggests that the structure and function of Glce are highly conserved across species. The zebrafish Glce crystallized in space group P4 1 2 1 2 with one molecule per asymmetric unit. Examination of the crystal packing revealed a tight dimer association through a crystallographic 2-fold symmetry (PDB code 4PW2). The overall structure of the dimer is shaped like an upside-down "W" (Fig. 2, A and B) . The fulllength sequence of Glce also contains a transmembrane ␣-helix at the N terminus, which presumably anchors the Glce dimer onto the Golgi membrane, where it performs its HS modification ( Fig. 2C) .
A soluble Glce monomer can be divided into three domains: an N-terminal ␤-hairpin domain, a ␤-barrel domain, and a C-terminal ␣-helical domain (Fig. 2D ). The N-terminal ␤-hair-pin domain, which crosses into its counterpart in the dimer, consists of two ␤-hairpins that are connected through a short ␣-helix. The C-terminal ␣-helical domain (Ser 129 -Pro 200 and Thr 367 -Asn 585 ) consists of two ␤-strands forming a ␤-hairpin and eight ␣-helixes in four pairs of anti-parallel helices. One helix from each pair faces the concave surface, forming a cleft; the other four helices face the convex surface. The ␣-helical domain is the most conserved region according to the sequence alignment. The ␤-barrel domain (His 201 -Thr 366 ) consists of one ␣-helix and 13 ␤-strands arising as an insertion within the sequence of the ␣-helical domain (Fig. 2, C and D) .
Two Glce molecules interact through the N-terminal ␤-hairpin and C-terminal ␣-helical domains to form a tight dimer, and the dimer formation buries a total surface area of 6020 Å 2 . At the interface, the C-terminal domains interact through hydrophobic packing interactions involving residues Met 459 , Val 515 , Phe 458 , Leu 519 , Phe 533 , and Thr 522 ( Fig. 2E) . For the N-terminal domains, the interactions include both hydrophobic packing and ionic interactions, with hydrophobic interactions being dominant (Fig. 2F) . The hydrophobic packing interactions involve residues Phe 106 , Trp 101 , Phe 123 , Met 102 , Phe 121 , Met 97 , Tyr 96 , and Tyr 73 , and the ionic interactions include two ionic pairs: Asp 119 with Arg 90 and Glu 91 with Arg 89 . These extensive interactions observed in the crystal structure provide strong evidence that Glce is a stable dimer. In agreement with the structure, Glce protein eluted with the expected molecular mass of about 125 kDa in size exclusion column chromatography, suggesting that it is a dimer in solution (the predicted monomer mass is 60.6 kDa) ( Fig. 2G) .
To locate the substrate binding site, we analyzed the surface charge potential of the apo-Glce dimeric structure. The charge distribution calculation of the dimer revealed that the cleft enclosed by four ␣-helices in the ␣-helical domain has a strong positive charge potential (Fig. 2B) , which is probably the binding site for the highly negatively charged HS chain. FEBRUARY 20, 2015 • VOLUME 290 • NUMBER 8
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Structure of the Glce Dimer in Complex with Heparin Hexasaccharide-To actually locate the substrate binding site and reveal the substrate recognition mechanism, we pursued a Glce complex structure. We purified heparin hexasaccharide from enoxaparin sodium and used it for complex formation and crystallization (Fig. 3A) . Compared with the actual substrate of Glce, the hexasaccharide has excess 2,6-O-sulfations. The Glceheparin complex crystallized in space group P2 1 2 1 2 with two molecules per asymmetric unit, and the crystals diffracted x-rays to 2.2 Å resolution (PDB code 4PXQ; Table 1 ). The complex contains two Glce protein molecules and two heparin hexasaccharides with a stoichiometry of 2:2 (Fig. 3B) ; each negatively charged heparin hexasaccharide binds to the positively charged cleft within the C-terminal ␣-helical domain of one monomer (Fig. 3, C and E) . The heparin binding site is mostly contained within the cleft but also includes residues from the other monomer, suggesting that the dimer conformation is crucial for forming the heparin binding site (Fig. 3D ). This heparin binding mode is well supported by the excellent electron density of the hexasaccharide in the substrate binding site (Fig. 3F) .
The heparin hexasaccharide residues, from the non-reducing end to the reducing end, are ⌬UAP1-SGN2-IDS3-SGN4-IDS5-SGN6 (Fig. 3A) . The molecule has an extended conformation and interacts with the substrate-binding cleft in Glce through extensive charge interactions and hydrogen bonds (Fig. 3G) . The sugar rings of residues 1-4 are roughly perpen- dicular to the binding surface and so have more interactions, whereas the sugar rings of residues 5 and 6 are roughly parallel to the binding surface and have fewer interactions. The 2-Osulfate of ⌬UAP1 interacts through hydrogen bonds with Tyr 149 , Gln 185 , Tyr 482 , and Thr 549 (Fig. 3G ). The carboxyl group and the ring oxygen of ⌬UAP1 form ionic interactions with Arg 154 . The 3-OH group and the O1 atom interact with Arg 543 through hydrogen bonds. N,O 6 -disulfoglucosamine (SGN2) exhibits a 4 C 1 chair conformation. The 6-O-sulfate is inserted between two positively charged residues (Arg 154 and Arg 156 ) and has ionic interactions with the Arg 154 and Arg 156 side chains; it also forms a hydrogen bond with the Gln 182 side chain. The N-sulfate of SGN2 is on the opposite site of the 6-O-sulfate and has fewer interactions, with only two hydrogen bonds with the backbone amides of the Asp 155 and Arg 156 residues.
Iduronic acid-2-O-sulfate (IDS3) exhibits a 1 C 4 chair conformation and lies in the center of the substrate binding site with its carboxyl group facing the residues in the substrate binding site (Fig. 3G) . The ring oxygen atom of IDS3 has a charge interaction with the Arg 543 side chain. The carboxyl group has an ionic interaction with Arg 543 and forms a hydrogen bond with Tyr 546 . In addition, it also forms a water-mediated ionic interaction with Arg 396 and a water-mediated hydrogen bond with FEBRUARY 20, 2015 • VOLUME 290 • NUMBER 8
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Tyr 468 . The 2-O-sulfate of IDS3 faces the solvent and does not interact with any protein residues. Residue SGN4 has a 4 C 1 chair conformation. The N-sulfate has ionic interactions with Arg 531 and hydrogen bonds with Asn 540 (Fig. 3G) . Interestingly, the N-sulfate also has one hydrogen bond with the Asn 585 residue from the adjacent Glce molecule in the dimer. The 6-Osulfate has no interactions with protein residues. IDS5 exhibits a 2 S 0 skew-boat conformation and has only one ionic interaction between its carboxyl group and the Arg 396 side chain (Fig.  3G) . Residue SGN6 adopts a 4 C 1 chair conformation and makes few interactions with active site residues (Fig. 3G) . The N-sulfate has one hydrogen bond with the backbone amide of the Lys 397 residue, and the 6-O-sulfate has one ionic interaction with the side chain of Lys 397 and one hydrogen bond with the backbone amide of Glu 400 .
Heparin Hexasaccharide-induced Conformational Changes-Compared with the apo-structure, there was a small shift of the N-terminal ␤-hairpin domain and the ␤-barrel domain in the complex, both of which moved closer to the ␣-helical domain upon heparin binding (Fig. 4A ). Furthermore, a flexible loop (Asp 212 -Ser 215 ) at the outside of the ␤-barrel domain, which was disordered in the apo-structure, became ordered and had clear electron density in the complex. The most significant change involved the Gln 171 -Gln 175 loop within the ␣-helical domain, which was flipped out of the substrate binding site to accommodate the heparin hexasaccharide (Fig. 4A) .
Detailed structural analysis provided an explanation for the dramatic conformational change of the Gln 171 -Gln 175 loop. Heparin binding resulted in major movements of residues Arg 396 , Arg 154 , Asp 155 , and Arg 156 (Fig. 4B) . Arg 396 moved closer to the bound heparin to interact with the C5 carboxyl group of IDS5. The side chains of Arg 156 and Arg 154 residues moved up and down, respectively, to accommodate the bound heparin, whereas the backbone amides of Asp 155 and Arg 156 moved closer to interact with the N-sulfate of SGN2. The side chain movement of Arg 156 displaced the side chains of Gln 171 and Trp 172 , hence the large movement of the entire Gln 171 -Gln 175 loop outward.
Active Site of Glce and Mutational Analysis-Because the heparin hexasaccharide binds to the cleft in ␣-helical domain, we hypothesize that this is the actual catalytic site of Glce. We used site-directed mutagenesis to examine the roles of specific residues in the binding cleft in substrate recognition and catalytic function. The activities of wild type Glce and mutants were determined by an 3 H/ 1 H exchange approach, which measures the release of a 3 H proton from 3 H-labeled substrate during the epimerization reaction, as reported previously (25) . We identified eight mutants (Y149F, R156A, Y468A, Y528A, Y528F, R543A, Y546A, and Y546F) that had 10% or less activity compared with wild type (Fig. 5A) , and all residues are located close to the substrate binding site (Fig. 3G ). Six other mutants (R154A, R396A, Y468F, R531A, H584A, and N585A) retained partial enzymatic activity (less than 40%).
Previous studies suggested that tyrosine residues may be involved in the catalytic function of Glce and heparin lyases, which share a similar carbon anion intermediate (26, 27) . According to our crystal structures and mutant analysis, Tyr 468 , Tyr 528 , and Tyr 546 , near the carboxyl group of IDS3 (Fig. 5B) , probably participate in the catalytic reaction as bases for proton abstraction and donation. However, they are still relatively far from the C5 carbon (6.6, 6.7, and 5.1 Å, respectively) in the complex structure, which prevents catalysis. This is due to the fact that heparin hexasaccharide is not the actual substrate of Glce because heparin has excess O-sulfation. Thus, it is predicted that an actual substrate without 2-O-and 6-O-sulfation will bind closer to these tyrosine residues to allow catalysis (Fig.  5C) .
The charged residues at the substrate binding site are also crucial for the enzyme's activity. Arg 543 interacts with the carboxyl group and the ring oxygen atom of IDS3 and with the 3-OH group and the O1 atom of ⌬UAP1 (Fig. 3G) . Arg 154 and Arg 156 interact with the 6-O-sulfate of SGN2; Arg 154 also interacts with the carboxyl group of ⌬UAP1. Arg 396 interacts with the carboxyl of IDS5 and forms a water-mediated interaction with the carboxyl of IDS3, and Arg 531 interacts with the N-sulfate of SGN4. These charged residues all play an important role in substrate recognition. Asn 585 from the adjacent monomer is also important for substrate recognition by forming a hydrogen bond with the N-sulfate of SGN4 (Fig. 3G) . The extensive interactions with the SGN4 N-sulfate group support the concept of an absolute requirement for the N-sulfate group on the glucosamine residue linked to the GlcA for substrate recognition (5, 25) .
Mechanism of Product Inhibition of Glce-Glce recognizes both GlcA and IdoA as substrates and catalyzes a reversible reaction in vitro. Interestingly, the Glce-catalyzed reaction is irreversible in vivo (5) . After epimerization by Glce, the product undergoes further 2-O-sulfation of IdoA by 2-O-sulfotransferase and 6-O-sulfation of ␣-D-N-sulfoglucosamine by 6-Osulfotransferase ( Fig. 1A) , resulting in products that are no longer recognized as substrates for Glce (29) . Because heparin hexasaccharide can still bind to the active site of Glce (Fig. 3G) , we examined whether the product after consecutive modification by Glce and O-sulfotransferases might influence the activity of Glce using a soluble in vitro reaction system. Upon incubation of the wild type Glce with 3 H-labeled substrate in the presence of heparin, N-sulfated heparin, desulfated heparin, or heparin oligosaccharides in different degrees of polymerization, we found that heparin, N-sulfated heparin, and heparin oligosaccharides efficiently inhibited Glce activity, and desulfated heparin could not inhibited Glce activity (Fig. 6A) . The data indicate that O-sulfation on heparin inhibits Glce activity and prevents the back-conversion of IdoA to GlcA through an end product inhibition mechanism. Heparin inhibited Glce activity with an IC 50 of 225 g/ml, whereas N-sulfated heparin had an IC 50 of 10 g/ml (Fig. 6, B and C) . This indicated that a higher ratio of N-sulfate group on glucosamine had a better inhibitory effect on Glce activity, which further demonstrated that the N-sulfate group played an important role in substrate recognition by Glce.
What is the structural basis of product inhibition of Glce by O-sulfated HS or heparin? In our structure, the O-sulfates on IDS3, SGN4, and IDS5 face solvent and do not interact with active-site residues (Fig. 3G) . The O-sulfate of SGN6 makes few interactions: one ionic interaction with the Lys 397 side chain and one hydrogen bond with the Glu 400 backbone amide. However, the O-sulfates on ⌬UAP1 and SGN2 face the active site and have extensive, important interactions with active-site residues. The 2-O-sulfate of ⌬UAP1 interacts with the Gln 185 , Tyr 149 , Tyr 482 , and Thr 549 side chains, and the 6-O-sulfate of SGN2 interacts with the Arg 156 , Gln 182 , and Arg 154 side chains (Fig. 5B ). Importantly, these interactions keep the C5 atom of IDS3 away from the critical tyrosine residues (Tyr 468 , Tyr 528 , and Tyr 546 ), with the closest distance being 5.1 Å for Tyr 546 . These distances are too far for proton abstraction/donation, a structural basis for the lack of activity of Glce for the O-sulfated HS or heparin, which leads to the accumulation of IdoA residues in vivo. On the other hand, the hydroxyl groups without O-sulfation would move closer to the active site and form optimal hydrogen bonds with the active-site residues (Fig. 5C ), which in turn would cause the C5 atom of IDS3 to move closer to the crucial catalytic tyrosine residues. This allows proton abstraction and readdition and a reversible conversion between GlcA and IdoA in vitro toward the substrate without O-sulfation.
In addition, we found that Glce could physically interact with 2-O-sulfotransferase and 6-O-sulfotransferase, but not Ndeacetylase/N-sulfotransferase, by an AlphaScreen in vitro binding assay (Fig. 6, D and E) , which further indicated that these proteins form a complex to allow coupling of 2-O-sulfation and 6-O-sulfation with C5 epimerization in HS/heparin biosynthesis. 
DISCUSSION
Here, we report that zebrafish Glce has a dimeric structure. Recently, it has been reported that Glce from the marine bacterium Bermanella marisrubri is also a dimer (30) . Together, these findings strongly support the concept that Glce functions as a dimer. Each Glce dimer contains two active sites at the C-terminal ␣-helical domains (Fig. 3B) . A long HS chain may thread through the two active sites, or two such polysaccharide chains may simultaneously bind to two active sites of the Glce dimer to allow HS modifications. There are three enzymes involved in epimerization of hexuronic acid at the polymer level: Glce, C5-mannuronan epimerase, and DS-epimerase 1. Our Glce structure revealed that three tyrosine residues (Tyr 468 , Tyr 528 , and Tyr 546 ) are crucial for enzymatic activity and are close to the C5-carboxyl group of IDS3, which probably participates in the catalytic reaction as bases for proton abstraction and donation. A Dali structural alignment search (31) revealed many polysaccharide hydrolases and lyases whose structures are distantly related to the Glce C-terminal ␣-helical domain (the catalytic domain in Glce), including endo-␤-1,4glucanase (PDB code 1WZZ, a superposition RMSD of 3.3 Å of 215 residues), family 8 xylanase (PDB code 1XWQ, a superposition RMSD of 3.8 Å of 229 residues), chitosanase (PDB code 1V5D, a superposition RMSD of 3.6 Å of 217 residues), and pectate lyase (PDB code 1GXM, a superposition RMSD of 4.0 Å of 211 residues) with Z-scores from 14.4 to 11.7. The C5-man-nuronan epimerase has a right-handed parallel ␤-helix structure (32) (PDB code 2PYG), which is completely different from the Glce structure. Dali structural analysis of C5-mannuronan epimerase showed high structural similarity to ␤-helix polysaccharide hydrolases and lyases, and it catalyzes its reaction using a tyrosine and a histidine acting as a proton acceptor and donor, respectively (32) . In a computational model of DS-epimerase 1, a tyrosine and two histidine residues were identified as potential proton acceptor/donor residues (33) . These three enzymes do not share any sequence and structural homology that would suggest a common evolutionary origin, but all three share a similar catalytic mechanism of proton abstraction and readdition using different amino acids (34, 35) . Also, both the lyases and the polymer-level epimerases have essentially a common mechanism of action, sharing a similar proton abstraction mechanism and an enolate anion intermediate.
It was previously reported that the three sugars at the nonreducing end in front of the epimerization site could influence the reversibility of epimerization (36) . This suggests that Glce could recognize at least one more sugar residue at the nonreducing end in front of ⌬UAP1, which would be adjacent to the due in the actual substrate that is at the ⌬UAP1 position and is probably involved in recognition of the sugar residue (GlcA or IdoA) at that position.
The epimerization reaction is irreversible in vivo (5, 25) , thereby increasing the number of IdoA units in the HS chain. O-Sulfation by the downstream O-sulfotransferases is probably a key means of maintaining the epimerization reaction in one direction, through inhibition of Glce activity. The structure of the complex suggests that the mechanism of inhibition is through a binding conformation that is not conducive to catalysis (i.e. the crucial catalytic residues are kept away from the C5 atom of IDS3 due to 2-O-sulfation and 6-O-sulfation). To allow efficient, consecutive modifications of HS by Glce and O-sulfotransferases, these enzymes need to be in close proximity and may interact. The interaction of Glce with 2-O-sulfotransferase in mammalian cultured cells has been reported, and lack of the 2-O-sulfotransferase caused a decrease of epimerase activity and protein stability (37) . Further, it was reported that Drosophila Glce, 2-O-sulfotransferase, and 6-O-sulfotransferase could physically interact (28) . Here, we used the AlphaScreen in vitro binding assay to examine whether Glce and O-sulfotransferases could physically interact (Fig. 6D ). We found that the 2-O-sulfotransferase strongly interacted with Glce, and the 6-O-sulfotransferase proteins also clearly interacted with Glce (Fig. 6E) .
The data support a model in which Glce and O-sulfotransferases associate to form a protein complex that allows efficient coupling of the epimerization and O-sulfation reactions. The enzymes' association promotes the accumulation of IdoA in the final HS polysaccharide product.
In summary, we report the first dimeric structures of Glce in apo-form and in complex with heparin hexasaccharide. Detailed structural analysis revealed that Tyr 468 , Tyr 528 , and Tyr 546 at the active site are crucial for catalysis. We provide structural evidence that heparin with O-sulfation binds to the Glce active site in a conformation that is not conducive for catalysis. Finally, we demonstrated the direct interaction of Glce with O-sulfotransferases, which couples the epimerization and O-sulfation reactions to ensure efficient HS chain modification in one direction. The structural and functional data advance understanding of the key epimerization step in the HS synthesis and will facilitate the use of Glce in rational biosynthesis of bioactive heparin oligosaccharides for therapeutic applications.
